Backgroud: Myocardial fibrosis results in myocardial remodelling and dysfunction. Celastrol, a traditional oriental medicine, has been suggested to have cardioprotective effects. However, its underlying mechanism is unknown. This study investigated the ability of celastrol to prevent cardiac fibrosis and dysfunction and explored the underlying mechanisms. Methods: Animal and cell models of cardiac fibrosis were used in this study. Myocardial fibrosis was induced by transverse aortic constriction (TAC) in mice. Cardiac hypertrophy and fibrosis were evaluated based on histological and biochemical measurements. Cardiac function was evaluated by echocardiography. The levels of transforming growth factor beta 1 (TGF-β1), extracellular signal regulated kinases 1/2 (ERK1/2) signalling were measured using Western blotting, while the expression of miR-21was analyzed by real-time qRT-PCR in vitro and in vivo. In vitro studies, cultured cardiac fibroblasts (CFs) were treated with TGF-β1 and transfected with microRNA-21(miR21). Results: Celastrol treatment reduced the increased collagen deposition and downregulated α-smooth muscle actin (α-SMA), atrial natriuretic peptide (ANP), brain natriuretic peptides (BNP), beta-myosin heavy chain (β-MHC), miR-21 and p-ERK/ERK. Cardiac dysfunction was significantly attenuated by celastrol treatment in the TAC mice model. Celastrol treatment reduced myocardial fibroblast viability and collagen content and down-regulated α-SMA in cultured CFs in vitro. Celastrol also inhibited the miR-21/ERK signalling pathway. Celastrol attenuated miR-21 up-regulation by TGF-β1 and decreased elevated p-ERK/ERK levels in CFs transfected with miR-21. Conclusion: MiR-21/ERK signalling could be a potential therapeutic pathway for the prevention of myocardial fibrosis. Celastrol ameliorates myocardial fibrosis and cardiac dysfunction, these probably related to miR-21/ERK signaling pathways in vitro and in vivo.
Introduction
Myocardial fibrosis is a common heart response to many forms of injury and the key pathological process in various cardiovascular diseases. In myocardial fibrosis, excessive collagen deposition and extracellular matrix (ECM) accumulation result in myocardial remodelling, cardiac dysfunction and arrhythmias [1] [2] [3] . However, therapeutic strategies for preventing fibrosis remain limited.
MicroRNAs (miRNAs) are non-coding RNAs between 18 and 25 nucleotides in length that are highly conserved. MiRNAs have been shown to participate in biological and pathological processes including cell proliferation, differentiation and apoptosis. Increasing evidence has shown that miRNAs play important roles in the regulation of heart function and structure [4, 5] . MiRNAs exert biological functions by post-transcriptionally regulating gene expression in a sequence-specific manner. The role of miR21 in organ fibrosis has been demonstrated in many studies.
Up-regulation of miR-21 in the heart in response to pressure overload was mainly confined to enhanced expression in cardiac fibroblasts [6] , ischemic injury of the heart pathophysiological response. In contrast with the detrimental effects of miR-21 up-regulation in fibroblasts in response to pressure overload, there is evidence that early after myocardial infarction, up-regulation of miR-21 may be protective.
Celastrol is a quinone methide triterpene isolated from the root extracts of Tripterygium wilfordii (thunder god vine) and celastrus regelii [7] . Increasing evidence suggests that celastrol has beneficial effects against tumours, autoimmune and inflammatory diseases [8, 9] . Celastrol has been demonstrated to induce apoptosis and inhibit cell proliferation in many cancer cells [10] . Der Sarkissian et al. [11] found that celastrol improved cardiac function and inhibited myocardial remodelling in a rat model of myocardial infarction. Kang et al. [12] showed that celastrol suppresses lung cancer invasion and migration by inhibiting TGF-β1. TGF-β1 is one of the strongest pro-fibrotic factors and is an up-stream signal of miR-21 that can induce fibroblast proliferation, differentiation and collagen synthesis [13] .
Accordingly, we speculated that celastrol also had significant anti-fibrotic effects in the myocardium and contributed to miR-21 regulation. In this study, we aimed to elucidate the effects of celastrol on myocardial fibrosis and cardiac dysfunction, and explored its potential cellular and molecular mechanisms in in vitro and in vivo models.
Materials and Methods

Mouse models of transverse aortic constriction
All of the animal experiments were approved by the Animal Experiments Committee of the Tongji Medical College and conformed to the guidelines set forth by the American Association for Laboratory Animal Science (AALAS). Male Kunming mice (20 -25 g ) were provided by the Experimental Animal Centre of Tongji Medical College (Grade II). Mice were housed in an environment at a temperature of 20°C with a 12/12 hour night/dark cycle.
Mice were anesthetized with isoflurane and the aorta was exposed, and the transverse aorta was isolated between the right and left carotid arteries. A 7/0 silk ligature using a blunted 27-gauge (0.41-mm OD) needle as a calibrator, ultrasound for the assessment of aortic diameter decreased by 70%. Shamoperated mice underwent the same procedure but without the aortic constriction. Mice received celastrol (1 mg·kg −1 i.p. daily; InvivoGen, San Diego, CA, USA) after TAC. Sham-control and TAC groups were given equal volumes of PBS. We measured the heart weight/body weight (HW/BW) ratio and histological and biochemical measurements in every group 3 weeks after TAC. The cardiac function parameters were evaluated by echocardiography 3 and 12 weeks after TAC. differential adhesion. The cardiac fibroblasts were grown in 9.6-cm 2 six-well cell culture plates with Dulbecco's modified Eagle media (DMEM, HyClone, Logan, UT, USA) containing 10% foetal bovine serum (FBS, HyClone) at 37°C in 5% CO 2 and 95% air. Twenty percent FBS cell culture medium was administered to cardiac fibroblasts (CFs) to induce collagen production. Celastrol was dissolved in DMSO. CFs were treated with celastrol at 0.2, 1 and 5 µM (final concentration of DMSO was 1%). Celastrol treatment was started at the same day 2 hours after surgery and given daily for all the period of follow-up. After starvation in serumfree medium for 24 hours, CFs were treated with recombinant human TGF-β1 (Sigma-Aldrich Co., LLC, St. Louis, MO, USA) for 24 hours.
Masson's trichrome staining
The myocardial tissue specimens were fixed in 4% paraformaldehyde, routinely paraffin embedded, and sliced into 5 μm thick sections. The paraffin sections were quickly dissected and immersed in 10% neutral buffered formalin and stained with Masson's Trichrome (Accustain HT15; Sigma-Aldrich, St. Louis, MO, USA) for 24 hours to detect the fibrotic areas. Fibrosis tissue was quantified with image analysis software (Image-Pro Plus v4.0; Media Cybernetics, Bethesda, MD, USA). The collagen volume fraction was calculated as the mean ratio of the connective tissue to the total tissue area from all of the measurements from the section, omitting fibrosis from the perivascular, epicardial and endocardial areas.
Echocardiographic assessment
At 3 and 12 weeks, each mouse was anesthetized with 1% inhaled isoflurane and set in a supine position. Echocardiographic assessments of the left ventricular (LV) anatomy and its function were performed using a Sonos 5500 Imaging System (Philips, Philips Healthcare, Andover, MA, USA) with a 12 MHz transducer. The left ventricle anterior wall during diastole (LVAWD), left ventricle anterior wall during systole (LVAWS), left ventricle posterior wall during diastole (LVPWD), left ventricle posterior wall during systole (LVPWS), left ventricle mass (LV mass), ejection fraction (EF) and fractional shortening (FS) were measured. Echocardiographic measurements were averaged from at least three separate cardiac cycles.
Transfection procedure
For transfection, 24 hours before any experiment cells were plated onto 6-well plates and the confluence is up to 60-80%, incubated with serum-free medium. 5 μL of the miRNA (20 μM) and Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) were separately mixed with 250 μL of Opti-MEM ® I Reduced Serum Medium (Gibco, Grand Island, NY, USA) for 5 mins, and then the Lipofectamine-miRNA (Ratio 1:1.5) mixtures were combined and incubated for 20 mins. Subsequently, the mixture was added to each well and incubated at 37°C for 6 hours. After that, washing twice with 1% PBS, and 2 mL fresh medium containing 10% FBS was added to the plate, respectively. Then the cells were maintained in culture before other experiments were performed.
Cell viability measurements
Primary CFs were treated with celastrol (0.2, 1 and 5 µM) for 24, 48 and 72 hours. Cells were seeded into a 96-well plate at a density of 1 × 10 4 cells/well and allowed to adhere overnight. Cells were incubated with 10 μL 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) solution for 4 hours at 37°C in the dark. Each well then received 150 μL of DMSO. The absorbance was measured using a Universal Microplate Spectrophotometer (Tecan, Grödig, Austria) at 570 nm.
Measurement of collagen content
Total collagen content was measured by the Sircol Collagen Assay Kit (Biocolor, Belfast, Northern Ireland) according to the manufacturer's protocol. Each sample was treated with 50 μL collagen lysate and allowed to incubate for 24 hours at 4°C. After centrifugation, each supernatant was assayed at 562 nm with a BCA protein assay kit to determine total collagen content. Sircol dye reagent, which binds to collagen (300 μL), was added to each sample and then mixed for 30 minutes at 4°C. After centrifugation, the sediment was suspended in 500 μL of an alkali reagent to dissolve the bound dye and the absorbance value was measured at 540 nm with a spectrophotometer. Readings were converted to protein units using a linear calibration curve generated from standards (Vitrogen 100; Angiotech Biomaterials, Palo Alto, CA, USA) and normalized to the total protein of each sample (1.2 -1.5 mg).
Quantitative real-time RT-PCR
Total RNA was extracted from the cultured cells using the Trizol reagent (Life Technologies, Rockville, MD, USA). The amount of RNA was assessed spectrophotometrically using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA). Extracted RNA was reverse-transcribed into cDNA using the PrimeScript RT reagent kit (Takara Bio, Dalian, China) according to the manufacturer's protocol. Quantitative real-time RT-PCR was performed on an ABI PRISM 7900 real-time PCR system (Applied Biosystems, Foster City, CA, USA). The following primers were used during reverse transcription and PCR: (1) Mmu-miR-21 RT primer, 5'-GTC GTA TCC AGT GCG TGT CGT GGA GTC GGC AAT TGC ACT GGA TAC GAC TCA ACATC-3'; sense primer, 5'-GGG GTA GCT TAT CAG ACT GATG-3' and antisense primer, 5'TGT CGT GGA GTC GGC AATTG-3' and (2) U6 RT primer, 5'-CGCT TCA CGA ATT TGC GTG TCAT-3'; sense primer, 5'-GCT TCG GCA GCA CAT ATA CTA AAAT-3' and antisense primer, 5'-CGC TTC ACG AAT TTG CGT GTCAT-3'.
Western blotting
Total protein was extracted from cells and its concentration was determined using a bicinchoninic acid kit. The samples were lysed with RIPA lysis buffer (Beyotime, Jiangsu, China). Proteins were separated on 15% SDS-polyacrylamide gels. After electrophoresis, the proteins were transferred to pure nitrocellulose membranes (Biotrace NT, Pall, FL, USA) and blocked for 2 hours with 5% dried milk in Tris-buffered saline. The membranes were then incubated with the following primary antibodies: (1) anti-α-SMA (1:2000 dilutions, mouse monoclonal; Abcam Inc., Cambridge, MA, USA) and (2) anti-ERK1/2 and antiphospho-ERK1/2 (1:10,000 dilutions, rabbit polyclonal; Cell Signaling Technology, Beverly, MA, USA). Fluorescent anti-rabbit secondary antibodies were used for detection and the blots were examined using an Odyssey Infrared Imaging System (Gene Company Limited, Hong Kong, China).
Statistical assays
All of the data are presented as the mean ± SEM. Differences were evaluated by one-way ANOVA with a P-value < 0.05 being considered significant. Data were analysed using GraphPad Prism 5.0 and SPSS 14.0.
Results
Celastrol attenuates mouse cardiac hypertrophy and improves cardiac function induced by TAC
To detect the cardioprotective effects of celastrol on pathological myocardial hypertrophy and dysfunction, we treated TAC-operated mice with celastrol or vehicle (PBS). HB/BW, ANP, BNP and β-MHC were determined after 3 weeks. LVAWD, LVAWS, LVPWD, LVPWS and LV mass were measured by echocardiography after 3 weeks and EF and FS were measured after 12 weeks.
TAC induced substantial left ventricular remodelling and increased the cardiac mass when compared with the control. Celastrol treatment attenuated the increase in cardiac mass (Fig. 1A) . TAC significantly increased HW/BW compared with the sham-operated group. Celastrol treatment attenuated the increase in HW/BW (Fig. 1B) . Echocardiography examination showed that LVAWD, LVAWS, LVPWD, LVPWS and LV mass significantly increased in the TAC model after 3 weeks and that EF and FS decreased after 12 weeks compared with the sham-operated group. Celastrol treatment attenuated left ventricular hypertrophy and dysfunction compared with the TAC group (Fig. 1C, Table 1 ). Reactivation of foetal genes are reliable markers for cardiac hypertrophy and heart failure and play important roles in cardiac remodeling, including ANF, BNP, and β-MHC. TAC significantly up-regulated the expression of these mRNAs compared with the sham-operated group. Celastrol treatment attenuated the upregulation of these markers (Fig. 1D) . These results suggest that celastrol significantly attenuates TAC-induced myocardial hypertrophy and dysfunction.
Celastrol attenuates mouse pathological myocardial fibrosis induced by TAC
After 3 weeks, Masson staining showed that TAC induced massive collagen production. Celastrol treatments alleviated TAC induced collagen deposition ( Fig. 2A and B) . In the sham-operated groups, the myocardium demonstrated orderly myofibril distribution; collagen was rarely observed in the myocardial interstitial. In the TAC groups, cardiomyocytes presented fractured mitochondrial cristae, disorderly sarcomere structures and an interstitial space filled with fasciculate collagen. In the celastrol-treated group, less collagen deposition was observed than TAC group. α-SMA was up-regulated in TAC myocardial tissue; celastrol treatment down-regulated α-SMA expression (Fig. 2C and D) . These results suggest that celastrol significantly prevents the development of myocardial fibrosis in vivo. Table 1 . Echocardiography parameters at baseline, after TAC treatment and after celastrol treatment for 3 and 12 weeks. * P < 0.05 versus the control group and # P < 0.05 versus the TAC group, (n=6)
Celastrol inhibits miR-21 expression and ERK1/2 phosphorylation in vivo
To examine whether miR-21 participates in myocardial remodelling in a TAC mouse model and whether it can be regulated by celastrol treatment, miR-21 levels and ERK1/2 total protein levels and phosphorylation states were detected. The results showed that miR-21 was up-regulated in the TAC model compared with the sham-operated group; these changes were significantly attenuated by celastrol (Fig. 3A) . Western blot analysis revealed that ERK1/2 phosphorylation is significantly increased in the TAC model and abolished with celastrol treatment (Fig. 3B and C) . The densitometry analysis of ERK activation as a ratio of p-ERK to total ERK1/2. Celastrol alleviated the increase in p-ERK/ERK in CFs (n = 3). Columns, mean; bars, SEM * P < 0.05. (D) miR-21 expression was increased in CFs treated with TGF-β1 and decreased following LY2109761 or celastrol treatment (n = 3). LY2109761 is a TGF-β1 inhibitor. Columns, mean; bars, SEM *P < 0.05 versus the control group and # P < 0.05 versus the TGF-β1-treated cells. (E) Transfection of miR-21 into CFs resulted in ERK1/2 phosphorylation compared with the control. Celastrol and AMO-21, an inhibitor of endogenous miR-21, alleviated the increase in p-ERK/ERK (n = 3). (F) The intensity of each band shown in (E) was quantified by densitometry. The densitometry analysis of ERK activation as a ratio of p-ERK to total ERK1/2. Celastrol alleviated the increase in p-ERK/ERK in CFs transfected with miR-21 (n = 3). Data are shown as the mean ± SEM. * P < 0.05 versus the control group and # P < 0.05 versus the TGF-β1 group. measured CF viability via MTT assay and tested the effect of celastrol on CF viability. FBS promoted fibroblast viablity, whereas celastrol eliminated this effect. CFs were treated with varying celastrol concentrations (0.2, 1 and 5 µM) for 24, 48 and 72 hours. Cell viability was determined using the MTT assay (Fig. 4A) . The results confirmed that celastrol inhibits fibroblast viability in a time-and dose-dependent manner.
The primary CFs were stimulated with 20% FBS for 24 hours after pre-treatment with celastrol (0.2, 1 and 5 µM) for 1 hour. As shown in Fig. 4B , primary CF collagen content increased after treatment with FBS and was significantly attenuated by celastrol pre-treatment at 0.2, 1 and 5 µM. Celastrol pre-treatment largely abolished FBS-induced expression of α-SMA (Fig. 4C and D) .
Celastrol inhibits miR-21/ERK activation in neonatal cardiac fibroblasts
MiR-21 plays a crucial role in fibrosis [17] . Previous results suggest that miR-21 and p-ERK/ERK are up-regulated in the TAC model. The effect of celastrol on fibroblast viability indicate that miR-21/ERK activation may be involved in the signalling pathway that underlies celastrol's anti-fibrotic actions. CFs were treated with celastrol (0.2, 1 and 5 µM) for 1 hour. MiR-21 and p-ERK/ERK expression were down-regulated in a dose-dependent manner. (Fig.  5A , B and C) TGF-β1 is a miR-21 upstream signal. Thus, we detected miR-21 levels in TGF-β1-treated CFs. TGF-β1 treatment up-regulated miR-21 compared with the control group. A TGF-β1 inhibitor (LY2109761) and celastrol suppressed the expression of miR-21 originally induced by TGF-β1. (Fig. 5D) .
Celastrol inhibited ERK1/2 phosphorylation in vivo and in vitro. Thus, we investigated whether the inhibition of ERK1/2 activity caused by celastrol was through miR-21 inhibition. We found that miR-21 overexpression up-regulated p-ERK/ERK levels compared with the negative control. Notably, celastrol decreased p-ERK/ERK levels in CFs transfected with miR-21. AMO-21 is an endogenous miR-21 inhibitor. Co-application of miR-21 with AMO-21 alleviated the increase in p-ERK/ERK (Fig. 5E and F) .
Discussion
The present study showed that celastrol was able to suppress pathological myocardial fibrosis and prevent cardiac dysfunction. Celastrol markedly reduced collagen deposition and improved cardiac function in a TAC model, inhibited CF viability in a time-and dosedependent manner and suppressed collagen content by inhibiting the miR-21/ERK signalling pathway both in vitro and in vivo.
Cardiac fibrosis is a common reactive response in many cardiac pathologic conditions that results in cardiac structural and functional alterations. Celastrol suppresses pathological myocardial fibrosis in a mouse TAC model. At the initial phase of pressure overload, the heart exhibits an adaptive response, followed by cardiac hypertrophy, fibroblast proliferation and increased collagen and ECM deposition [18] . In the current study, Masson staining showed a significant increase in collagen deposition, left ventricular wall thickening as measured by echocardiography and increased expression of foetal genes after 3 weeks of TAC. As fibrosis progresses, cardiac dysfunction occurs [19, 20] . After 12 weeks, long-standing pressure overload resulted in cardiac dysfunction. Moreover, celastrol significantly prevented cardiac fibrosis and dysfunction. We found that celastrol reverses cardiac fibrosis, downregulates miR-21 caused by pressure overload and attenuates the activated ERK1/2 signalling pathway. MiR-21 plays a crucial role in cardiac fibrosis and is predominantly expressed in cardiac fibroblasts [6, 21] . miR-21 has been shown to promote fibroblast survival, which contributes to myocardial fibrosis [22] . In cardiac fibrosis related to AngII, miR-21 was transcriptionally activated and increased fibroblast survival [23] . Our investigation showed that celastrol inhibited miR-21 up-regulation both in vitro and in vivo and decreased CF viability, suggesting a potential role for miR-21 in cardiac fibrosis progression. MiR-21 overexpression led to a significant increase in MAPK/ERK activation. AMO-21 (an inhibitor of endogenous miR-21) alleviated this increase in p-ERK/ERK. Studies have also shown that miR-21 inhibits the apoptotic response in cardiac fibroblasts through MAPK/ERK signalling. Thum et al. [6] showed that miR-21 up-regulates the MAPK/ERK signalling pathway in cardiac fibroblasts, which has impacts on global cardiac structure and function. Moreover, miR-21 silencing reduced cardiac ERK-MAP kinase activity, inhibited interstitial fibrosis and attenuated cardiac dysfunction.
In our study, CFs exposed to TGF-β1 display high miR-21 expression levels. Celastrol as well as LY2109761 (an inhibitor of TGF-β1) reduce the increased miR-21 expression induced by TGF-β1. Furthermore, studies have shown that TGF-β1 downregulation can also reduce cardiac fibrosis [24] . TGF-β1 is considered to be a key molecule in the activation of the fibrotic programme. TGF-β1 induces fibroblast conversion into myofibroblasts and enhances extracellular matrix protein synthesis [25] . Zeisberg et al. reported that TGF-β1 induces endothelial cells to undergo an endothelial-mesenchymal transition [26] . Additionally, TGF-β1 suppresses the activity of proteases that degrade the extracellular matrix by inhibiting matrix metallo proteinase (MMP) expression and inducing the synthesis of protease inhibitors [27] . TGF-β1 is an upstream positive regulator of miR-21, and research shows that miR-21 up-regulation by TGF-β1 promotes cardiac fibrosis [28] . These results suggest that celastrol inhibits TGF-β1/miR-21 signalling to prevent cardiac fibrosis. In myocardial infarction, miR-21 activates the TGF-β1/Smad pathway via suppression of the TGF-β receptor III in ischaemic areas, enhancing collagen production, up-regulating α-SMA expression and facilitating fibroblast differentiation into pathological myofibroblasts [29] . In conclusion, the inhibitory mechanisms of cardiac fibrosis caused by celastrol were associated with miR-21/ ERK down-regulation; this effect occurred along with downregulation of the TGF-β1 signalling pathway. These results aid in our understanding of cardiac fibrosis mechanisms, which are reduced by celastrol in vitro and in vivo.
Our study demonstrated for the first time that celastrol inhibits myocardial fibroblast proliferation and fibrosis by downregulating miR-21 expression and inhibiting MAPK/ERK signalling. These data show that celastrol is a promising new agent for preventing myocardial fibrosis, improving cardiac function and even reversing ventricular remodelling.
